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Meeting ReviewVascular Morphogenesis
and the Formation
of Vascular Networks
While many molecules have been implicated as positive
regulators of angiogenesis (e.g., bFGF, TGF-, TGF-,
and the Angiopoietins), VEGF-A often represents a criti-
cal rate-limiting step in physiological and pathological
angiogenesis. The biological effects of VEGF-A are me-
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diated by two receptor tyrosine kinases, VEGFR1 and421 Curie Boulevard
VEGFR2. Signaling pathways activated by these recep-Philadelphia, Pennsylvania 19104
tors will be discussed below.
Proper development and function of the cardiovascu-
lar system requires complex signaling between hemato-A recent workshop organized by Luisa Iruela-Arispe
poietic cells, vascular endothelial cells, and supportingand Brant Weinstein and sponsored by the North
mural cells (smooth muscle cells or pericytes). The closeAmerican Vascular Biology Organization (NAVBO)
spatial relationship between endothelial and hematopoi-brought 200 developmental biologists together at the
etic cells during development has led to the concept ofAsilomar Conference Center in Pacific Grove, Califor-
a common “hemangioblastic” progenitor. Mouse em-nia, to share some of their latest findings. This superb
bryos mutant for VEGFR2 (Flk-1) fail to form both endo-meeting synthesized data from a variety of model sys-
thelial and hematopoietic cells, suggesting these pro-tems ranging from Urbilateria (a common ancestor to
genitors are Flk-1. In fact, Flk-1 cells derived fromvertebrates and invertebrates), fruit flies, frogs, zebra-
embryonic stem (ES) cells can differentiate into hemato-fish, and mice to human genetic disorders. Partici-
poietic, endothelial, and mural cells (Yamashita et al.,pants enjoyed lively discussions on developmental
2000). Janet Rossant (Samuel Lunenfeld Research Insti-vascular biology while experiencing the natural beauty
tute, Toronto) presented evidence that Flk-1 progeni-of the Pacific Coast.
tors express the transcription factor SCL (TAL-1) and
that SCL acts downstream of the Flk-1 signaling path-Blood vessels of the circulatory system display an intri-
way (Ema et al., 2003). Expression of SCL under thecate pattern of branching that maximizes vascular sur-
Flk-1 promoter rescues the loss of endothelial and he-face area in contact with adjacent tissue. This pattern
matopoietic cells in Flk-1/ embryos. Importantly, theis established during a remodeling process, known as
dose of SCL is critical; increased SCL expression inhib-“angiogenesis,” that follows the assembly of capillaries
its smooth muscle formation and enhances endothelialfrom individual endothelial cells (ECs) during “vasculo-
and hematopoietic potential. Therefore, the combinato-genesis.” Understanding vascular development requires
rial effects of Flk-1 and SCL regulate cell fate choiceinsight into each of the following processes: cell differ-
into hematopoietic, endothelial, and smooth muscle lin-entiation and morphogenesis, cell-extracellular matrix
eages during development. Eric Olson (University ofinteractions, integration of signals from the microenvi-
Texas Southwestern Medical Center, Dallas, Texas) dis-ronment, and patterning. The modern vascular biologist
cussed the role of myocardin in specifying smooth mus-has access to a variety of experimental approaches.
cle cell fate. Virtually all smooth muscle genes are regu-These include genetic screens in Drosophila and zebra-
lated by the SRF transcription factor in conjunction withfish, functional studies in the frog, inactivating key devel-
the muscle-specific coactivator myocardin. Myocardin
opmental genes in mice, and identification of genes mu-
in association with SRF can activate smooth muscle
tated in human vascular malformations. The goal of this
gene expression in a variety of nonmuscle cell types,
meeting review is to summarize recent biological in- suggesting it is a master regulator of smooth muscle
sights obtained from studying vascular differentiation in gene expression. However, Gary Owens (University of
a diverse array of organisms including ascidians, flies, Virginia, Charlottesville, Virginia) presented evidence
fish, frogs, and mammals. While the overall quality of oral that while myocardin is necessary for the induction of the
and poster presentations at the Asilomar Conference on smooth muscle lineage, it is not sufficient. In summary,
Developmental Vascular Biology was uniformly out- detailed molecular mechanisms underlying the specifi-
standing, space limitations do not allow a comprehen- cation of vessel components are beginning to emerge.
sive appraisal. Instead, I hope to draw together themes Progress has also been made in the elucidation of
discussed and present future challenges to those of us molecular determinants that distinguish arterial ECs
studying this exciting and clinically important process. from venous ECs, such as the Eph-B4 receptor, ephrin-
B2, and Notch (Yancopoulos et al., 1998). Recent atten-
Vascular Lineage Specification tion has focused on the distinction between blood vessel
For over a decade, the role of vascular endothelial endothelial cells (BECs) and lymphatic endothelial cells
growth factor (VEGF-A) as a key regulator of angiogen- (LECs). The development of the lymphatic vasculature
esis during embryogenesis, reproduction, and patholog- is believed to involve distinct stages of LEC compe-
ical situations such as tumor progression, intraocular tence, LEC bias, LEC specification, and lymphatic vessel
neovascular disorders, and inflammation has been the differentiation and maturation (Oliver, 2004). LECs
object of intense investigation (Ferrara et al., 2003). evolve from Lyve1 ECs that line the anterior cardinal
vein. Natasha Harvey (St. Jude Children’s Research
Hospital, Memphis, Tennessee) demonstrated that the*Correspondence: celeste2@mail.med.upenn.edu
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prospero-related homeobox gene prox-1 is restricted A&M University, College Station, Texas) has also ana-
lyzed EC assembly into tubes using an in vitro assay ofto a subpopulation of ECs on one side of the anterior
human ECs in three-dimensional extracellular matrices.cardinal vein that ultimately bud into early LECs. These
Recent studies reveal that the ECM, integrins, and cy-results suggest that an unknown inductive signal exists
toskeleton comprise a signaling axis necessary for tubein the surrounding tissue. Budding LECs express addi-
formation. EC morphogenesis involves Rho GTPasestional markers including podoplanin, VEGFR3, and Neu-
(e.g., Cdc42), VEGF, and matrix metalloproteinases asropilin 2 (NRP2). Peter Carmeliet (Katholieke Universiteit
well. In vivo evidence for vascular lumen formation wasLeuven, Belgium) described preliminary analyses of
provided by Brant Weinstein (National Institutes oflymphangiogenesis in Xenopus tadpoles. This system
Health, Bethesda, Maryland) using VEGFR1 (Fli-1):GFP/offers the attractive possibility of using morpholino tech-
Cdc42 transgenic zebrafish where the fusion of vesiclesnology to evaluate the role of molecules like Prox-1.
into lumens can be dramatically imaged.Mark Kahn (University of Pennsylvania, Philadelphia)
Blood vessels (like nerves) are also branched struc-discussed the failure of blood and lymphatic vessel sep-
tures. Yoh-suke Mukouyama (California Institute ofaration in mice lacking the hematopoietic signaling pro-
Technology, Pasadena, California) showed that arteriesteins SLP-76 or Syk (Abtahian et al., 2003). Blood-lym-
are specifically aligned with peripheral sensory nervesphatic connections lead to blood-filled lymphatics and
in embryonic limb skin (Mukouyama et al., 2002). Muta-arteriovenous shunting in affected embryos. Intrigu-
tions that eliminate peripheral nerves (Ngn1 and Ngn2)ingly, SLP-76 is not detected in ECs and these signaling
or Schwann cells (Semaphorin 3A) prevent proper arte-proteins instead function in circulating hematopoietic
riogenesis. These data suggest that local signals gener-cells that regulate separation of blood and lymphatic
ated by nerve fibers provide a template that determinesvascular networks. Future analysis of SLP-76/Syk sig-
angiogenic remodeling. What is the nerve-derived sig-naling will delineate mechanisms by which hematopoi-
nal? In vitro studies suggest VEGF-A is critical for thisetic signals influence vascular differentiation. Other as-
process. VEGF-A also controls angiogenic sprouting uti-pects of lymphangiogenesis were nicely summarized in
lizing endothelial tip cell filopodia. Holger Gerhardt (Uni-a keynote address delivered by Kari Alitalo (University
versity of Go¨teborg, Go¨teborg, Sweden) discussed re-of Helsinki, Finland). Expression profiling, proteomic,
cent experiments demonstrating that VEGF-A guidesand phage display approaches have further delineated
filopodial extension from specialized ECs situated at thegenes preferentially detected in LECs and not in BECs.
tips of vascular sprouts in the postnatal retina (GerhardtFor example, VEGFR3 is extinguished in BECs and ele-
et al., 2003). Vessel patterning during retinal angiogen-vated in LECs as they mature. VEGF-C, the ligand for
esis is dependent on resident microglia. These and otherVEGFR3, is required for the initial steps of lymphatic
aspects of vascular morphogenesis are beautifully im-development, while VEGF-A (binding VEGFR2) plays no
aged in the avian embryo due to its optical properties.role (Karkkainen et al., 2004). Can lymphangiogenesis
Charles Little (Kansas University Medical Center, Kan-be studied in a genetically tractable system? Stefan
sas City, Kansas) presented novel videography of ECSchulte-Merker (Exelixis, Inc., South San Francisco, Cal-
dynamics during vasculogenesis, while Victoria Bautchifornia) presented tantalizing evidence that zebrafish ex-
(University of North Carolina, Chapel Hill) described thehibit vessels containing no erythrocytes, suggesting the
use of mouse-avian chimeras to exploit murine geneticspresence of a rudimentary lymphatic system. It remains
and avian embryology in one system. Her studies revealto be determined if this “secondary vascular system”
that VEGF-A signaling promotes EC progenitor migra-in fact constitutes lymphatic vessels, but these data
tion and patterning.represent an exciting possibility.
Transgenic zebrafish with fluorescently labeled blood
vessels have been used to identify and characterize
Vascular Morphogenesis and Vessel Guidance mutants that display specific defects in vascular mor-
Blood vessels (like the mammary gland, lung, and kid- phogenesis. Didier Stainier (University of California, San
ney) are composed of epithelial tubes. Vascular epithelia Francisco) has screened mutagenized Flk-1:GFP and
transport oxygen, nutrients, and hematopoietic cells to Tie-2:GFP transgenic fish for vascular defects and ob-
remote anatomic locations. During vessel development, tained mutants with defects in blood vessel develop-
a sheet of epithelial cells is wrapped into a tube with ment, myocardial differentiation, myocardial function,
the apical surface lining the lumen, in contact with fluid, and cardiac valve development. One mutant, called
and the basal surface facing outward (Lubarsky and “s805,” has an intriguing EC survival/maintenance de-
Krasnow, 2003). Mark Krasnow (Stanford University, fect. Position cloning the affected gene and those of
Palo Alto, California) described recent progress in ge- other novel mutations should yield a wealth of informa-
netic models of tube morphogenesis. One way that this tion concerning the underlying pathways involved in car-
can occur is shown schematically in Figure 1, where diovascular differentiation and homeostasis. In a similar
ECs assemble into a chain and generate cytoplasmic strategy using transgenic zebrafish, Brant Weinstein has
vesicles. The vesicles coalesce, forming larger, elon- established that notch signaling suppresses the devel-
gated vesicles that ultimately complete a lumen span- opment of veins while promoting arteriogenesis. The
ning the length of the cell. Mutations in100 Drosophila “y10” mutant displays specific defects in artery forma-
genes, such as “out of gas” and “tendrils,” have been tion; y10 encodes phospholipase C , a likely effector
isolated that affect tracheal lumen formation, place- of VEGFR signaling (Lawson et al., 2003). These results
ment, and number. Cloning genes encoding these muta- suggest a pathway where VEGF-A acts upstream of
tions will greatly enhance our understanding of the mo- notch to establish artery/vein EC identity even before
circulation begins.lecular basis for tube formation. George Davis (Texas
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Figure 1. Blood Vessel Tube Formation
Endothelial cells assemble into a chain (shown
in longitudinal section) and generate cyto-
plasmic vesicles. The vesicles coalesce,
forming large elongated vesicles, and eventu-
ally complete a lumen that spans the length
of the cell and connects to lumens of neigh-
boring cells (adapted from Lubarsky and
Krasnow, 2003).
Signaling Pathways and Vascular Development California, Los Angeles) has found that VEGF-165 is
cleaved by MMPs, producing 16 kd and 6 kd productsBlood vessel formation is a complex process that is
only beginning to be understood at the level of signal that function like soluble VEGF-121. This proteolysis
may provide an additional form of regulation of the leveltransduction. The field has been dominated by analysis
of the role of VEGF-A and its receptors. Indeed, VEGF-A of soluble/ECM binding VEGF-A isoforms in the micro-
environment. In addition to VEGFR1 and VEGFR2, VEGF-is the “Swiss Army knife” regulator of vasculogenesis,
angiogenesis, arteriogenesis, and inflammation as well 165 binds Neuropilin-1 (NRP1), a transmembrane recep-
tor for Semaphorins which mediate neuronal guidance.as EC proliferation, survival, chemotaxis, and permeabil-
ity (David Shima [Eyetech Pharmaceuticals, Woburn, NRP1 is expressed on ECs, nerve cells, and tumor cells,
and Semaphorin 3A and VEGF-165 compete for NRP1Massachusetts]). Nevertheless, vessel growth and mat-
uration requires the sequential activation of numerous binding. Michael Klagsbrun (Children’s Hospital, Bos-
ton, Massachusetts) demonstrated that Semaphorin 3Areceptors by multiple ligands and downstream path-
ways. It is now important to integrate other signaling can inhibit EC motility and blood vessel sprouting appar-
ently as a VEGF-165 antagonist. Neuropilins are presentmolecules into a more developed understanding of vas-
cular differentiation. These include, but are not limited in zebrafish where they also play dual roles in angiogen-
esis and motor neuron function. Other signaling proteinsto, Angiopoietins, Ephrins, Neuropilins, Semaphorins,
Wnts, Notch, and G protein-coupled receptors. Janet discussed at the conference include Wnt7b, involved in
macrophage-mediated capillary regression of the retinaRossant noted that VEGF-A-receptor interactions and
doses of VEGF-A, VEGFR2 (Flk-1), Notch, and Delta are (Richard Lang, Cincinnati Children’s Hospital, Ohio), and
G13, expressed in ECs, smooth muscle, and neuronscritical to early vascular patterning. Remarkably, a 50%
reduction in gene dose impairs vascular development and required for embryonic vascular development (Kath-
leen Ruppel, University of California, San Francisco).and results in embryonic lethality at midgestation for
VEGF-A (Carmeliet et al., 1996; Ferrara et al., 1996). In Laura Benjamin (Beth Israel Hospital, Boston) described
a critical role for the small GTPase RhoB during sprout-contrast, Andras Nagy (Samuel Lunenfeld) has shown
that 2- to 3-fold overexpression of VEGF-A also results in ing angiogenesis of the retina. In fact, RhoB promotes
EC survival during sprouting via the Akt survival signal-embryonic lethality (Miquerol et al., 2000). Janet Rossant
also presented data suggesting that the same is true ing pathway, making it an attractive therapeutic target
in diabetic retinopathy and macular degeneration (Adinifor Notch signaling. The conclusion is that vascular de-
velopment is regulated at many levels and doses are et al., 2003).
frequently important.
Human VEGF-A exists in five isoforms as a result of
alternative splicing from a single gene: VEGF-121, Anatomic Integration of the
Developing VasculatureVEGF-145, VEGF-165, VEGF-189, and VEFG-205. These
isoforms differ in their affinity for extracellular matrix Blood vessels not only provide oxygen, nutrients, and
waste removal to developing tissues, they also appear(ECM) proteins. With the exception of VEGF-121, the
other isoforms express increasing affinity for the ECM. to be a critical source of developmental signals for endo-
dermal organs such as the liver and pancreas (Matsu-Mice engineered to express only VEGF-121 exhibit a
specific decrease in capillary branch formation (Ruhrb- moto et al., 2001; Lammert et al., 2001). Ondine Cleaver
(Harvard University, Cambridge, Massachusetts) pre-erg et al., 2002). Instead of being recruited into additional
branches, nascent ECs are preferentially integrated into sented recent data on the induction of insulin cells in
endoderm adjacent to the dorsal aorta. Of note, ectopicexisting vessels (David Shima). The disruption of the
normal VEGF-A concentration gradient impairs the ex- vascularization of the posterior foregut leads to ectopic
insulin expression and pancreatic islet hyperplasia. Intension of EC filopodia, suggesting that ECM binding
VEGF-A isoforms provide spatially restricted cues that vitro studies show that PDX mouse endoderm receives
a signal form aortic ECs to begin synthesizing insulin.polarize and guide spouting ECs during branching.
Therefore, ECs likely position themselves along a Obviously, there is considerable interest in identifying
what the inductive signal(s) generated by early bloodVEGF-A gradient. VEGF-A isoforms may also be pro-
cessed extracellulary. Luisa Iruela-Arispe (University of vessels are. However, Andras Nagy pointed out that
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et al. (1996). Abnormal blood vessel development and lethality ininductive signals likely work in both directions, with ves-
embryos lacking a single VEGF allele. Nature 380, 435–439.sels serving as “organ-izers” and developing organs
Ema, M., Faloon, P., Zhang, W.J., Hirashima, M., Reid, T., Stanford,producing angiogenic factors. Celeste Simon (University
W.L., Orkin, S., Choi, K., and Rossant, J. (2003). Combinatorial ef-of Pennsylvania) and David Milstone (Brigham and
fects of Flk1 and Tal1 on vascular and hematopoietic development
Women’s Hospital, Boston) showed that appropriate in the mouse. Genes Dev. 17, 380–393.
trophoblast differentiation into placental derivatives is Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O’Shea,
crucial for fetal vessel recruitment during placentation. K.S., Powell-Braxton, L., Hillan, K.J., and Moore, M.W. (1996). Het-
Paul Krieg (University of Arizona College of Medicine) erozygous embryonic lethality induced by targeted inactivation of
the VEGF gene. Nature 380, 439–442.described an essential role for endoderm in the produc-
tion and patterning of the dorsal aorta. If endoderm is Ferrara, N., Gerber, H.P., and LeCouter, J. (2003). The biology of
VEGF and its receptors. Nat. Med. 9, 669–676.removed from a developing quail embryo, the dorsal
Gerhardt, H., Golding, M., Fruttiger, M., Ruhrberg, C., Lundkvist, A.,aorta fails to mature. Endoderm is not required for angi-
Abramsson, A., Jeltsch, M., Mitchell, C., Alitalo, K., Shima, D., andoblast specification, but vascular tube formation. Addi-
Betsholtz, C. (2003). VEGF guides angiogenic sprouting utilizingtion of sonic hedgehog (Shh) to “endodermless” quails
endothelial tip cell filopodia. J. Cell Biol. 161, 1163–1177.
rescues this vascular defect, suggesting that Shh is im-
Karkkainen, M.J., Haiko, P., Sainio, K., Partanen, J., Taipale, J.,
portant for the assembly of angioblasts into endothelial Petrova, T.V., Jeltsch, M., Jackson, D.G., Talikka, M., Rauvala, H.,
tubes. Shh appears to be important for other aspects et al. (2004). Vascular endothelial growth factor C is required for
of blood vessel lineage development: Mark Majesky sprouting of the first lymphatic vessels from embryonic veins. Nat.
Immunol. 5, 74–80.(University of North Carolina) demonstrated that Shh and
related factors stimulate proepicardial cells to undergo Lammert, E., Cleaver, O., and Melton, D. (2001). Induction of pancre-
atic differentiation by signals from blood vessels. Science 294,epithelial to mesenchymal transition and differentiate
564–567.into coronary smooth muscle cells. In summary, blood
Lawson, N.D., Mugford, J.W., Diamond, B.A., and Weinstein, B.M.vessels not only provide metabolic sustenance during
(2003). phospholipase C gamma-1 is required downstream of vascu-organogenesis, paracrine signaling between vessels
lar endothelial growth factor during arterial development. Genes
and surrounding tissues exists and is critical to the de- Dev. 17, 1346–1351.
velopment of properly vascularized, fully developed Lubarsky, B., and Krasnow, M.A. (2003). Tube morphogenesis: mak-
organs. ing and shaping biological tubes. Cell 112, 19–28.
Matsumoto, K., Yoshitomi, H., Rossant, J., and Zaret, K.S. (2001).
Liver organogenesis promoted by endothelial cells prior to vascular
Future Directions function. Science 294, 559–563.
One of the major conclusions of this meeting was that Miquerol, L., Langille, B.L., and Nagy, A. (2000). Embryonic develop-
developmental vascular biology has moved to a new ment is disruped by modest increases in vascular endothelial growth
era where the essential role played by VEGF-A and its factor gene expression. Development 127, 3941–3946.
receptors must be incorporated into a larger framework Mukouyama, Y.S., Shin, D., Britsch, S., Taniguchi, M., and Anderson,
D.J. (2002). Sensory nerves determine the pattern of arterial differen-of multiple regulators (ligands, receptors, signaling mol-
tiation and blood vessel branching in the skin. Cell 109, 693–705.ecules, cytoskeletal components, and transcription fac-
Oliver, G. (2004). Lymphatic vasculature development. Nat. Rev.tors) of vasculogenesis, angiogenesis, and other as-
Immunol. 4, 35–45.pects of cardiovascular differentiation. Furthermore,
Ruhrberg, C., Gerhardt, H., Golding, M., Watson, R., Ioannidou, S.,additional aspects of vascular differentiation such as
Fujisawa, H., Betsholtz, C., and Shima, D.T. (2002). Spatially re-the production of fenestrae, stomatal diaphragms, and
stricted patterning cues provided by heparin-binding VEGF-A con-
transendothelial channels will likely be a new focus of trol blood vessel branching morphogenesis. Genes Dev. 16, 2684–
EC characterization along with a continued analysis of 2698.
vessel cell lineage specification, EC assembly into vas- Yamashita, J., Itoh, H., Hirashima, M., Ogawa, M., Nishikawa, S.,
cular tubes, branching morphogenesis, and EC effects Yurugi, T., Naito, M., and Nakao, K. (2000). Flk1-positive cells derived
from embryonic stem cells serve as vascular progenitors. Natureon organogenesis. Modern vascular biologists have a
408, 92–96.wealth of evolutionary, genetic, and molecular biological
Yancopoulos, G.D., Klagsbrun, M., and Folkman, J. (1998). Vasculo-and cell biological tools available for their study of blood
genesis, angiogenesis, and growth factors: ephrins enter the frayvessels in a diverse array of model systems. The next
at the border. Cell 93, 661–664.decade of developmental vascular biology research
should be extremely exciting from both a basic science
and clinical perspective.
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